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Abstract

Nutrient deprivation conditions are capable to induce the endoplasmic reticulum stress and are responsible
for regulation of the expression of numerous growth factors which control the cell proliferation and angiogenesis
in malignant tumors, including glioma. The ERN1 mediated endoplasmic reticulum stress response-signalling
pathway is tightly linked to the proliferation because the blockade of ERN1 function suppresses the tumor growth
via specific changes in the cell transcriptome. Activation of the pentose phosphate pathway is an important factor of
enhanced cell proliferation and tumor growthbecause it controls the synthesis of nucleotides and respectively nucleic
acids. We studied the effect of blockade the ERN1 signaling enzyme function in glioma cells on the expression of
phosphoribosyl pyrophosphate synthetase (PRPS), an important enzyme of pentose phosphate pathway, as well as
its dependence of glucose and glutamine deprivation.

The expression of different genes of PRPS enzyme in glioma cells with complete suppression of ERN1 enzyme
activity was measured by gPCR. For glucose and glutamine deprivation conditions the cells were exposurein the
glucose or glutamine free medium for 16 hrs.

The expression of PRPS1 and PRPS2 genes as well as phosphoribosyl pyrophosphate synthetase associated
protein 1(PRPSAP1) is significantly increased in U87 glioma cells with suppressed function of ERN1 gene, but
the expression PRPSAP2 gene is decreased. It was also shown that glucose or glutamine deprivation leads to
suppression of PRPS1 and PRPS2 gene expressions in U87 glioma cells; however, the blockade of ERN1 function
in glioma cells modifies the effect of glutamine deprivation. Moreover, the expression of PRPSAP1 and PRPSAP2
genes was resistant to glucose deprivation condition in control glioma cells, but increased in glioma cells with ERN1
loss of function.

Results of this investigation demonstrated that the blockade of ERN1 signaling enzyme function affects the
expression of genes encoding PRPS enzyme subunits in different ways and that dysregulation of the expression of
important regulatory subunits of PRPS (PRPSAP1 and PRPSAP2) possibly changes the activity of this enzyme and
participates in suppression of glioma growth via pentose phosphate pathway.
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Introduction

Malignant gliomas are highly aggressive tumors and are
characterized by marked angiogenesis and extensive tumor cell invasion
into the normal brain parenchymaand to date there is no efficient
treatment available. Pentose phosphate pathway is necessary for purine
metabolism as well as nucleotide biosynthesis and plays an important
role in the regulation of proliferative processes and possibly participates
in endoplasmic reticulum stress, which is an important factor of tumor
growth and many other diseases [1-5]. The endoplasmic reticulum is a
key organelle in the cellular response to ischemia, hypoxia, and some
chemicals which activate a complex set of signaling pathways named
the unfolded protein response. This adaptive response is activated upon
the accumulation of misfolded proteins in the endoplasmic reticulum
and is mainly mediated by endoplasmic reticulum to nuclei-1 signaling
enzyme (ERNI; also named by inositol requiring enzyme-1lalpha,

response to the accumulation of misfolded proteins and represents a
key regulator of life and death processes [6-9]. As such, it participates
in the early cellular response to the accumulation of misfolded proteins
in the lumen of the endoplasmic reticulum [10,11].

Two distinct catalytic domains of the bifunctional signaling
enzyme ERN1 were identified: a serine/threonine kinase and an
endoribonuclease which contribute to ERN1 signalling. The ERN1-
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associated kinase activity autophosphorylates and dimerizes this
enzyme, leading to the activation of its endoribonuclease domain,
degradation of a specific subset of mRNA and initiation of the pre-
XBP1 (X-box binding protein 1) mRNA splicing [12]. Mature XBP1
mRNA splice variant encodes a transcription factor that has different
C-terminus amino acid sequence and stimulates the expression of
hundreds of the unfolded protein response-specific genes [9,12,13].
However, XBP1s has additional functions, especially in the regulation
of glucose homeostasis [14].

The endoplasmic reticulum stress is recognized as an important
determinant of cancer and contributes to the expression profile of
many regulatory genes resulting in proliferation and apoptosis [3,9,13].
Moreover, the malignant tumors use the endoplasmic reticulum stress
and ischemia for activation of proliferation, because the endoplasmic
reticulum stress response-signalling IRE-1 pathway is linked to the
apoptosis as well as cell death processes and suppression of IRE-1 gene
function significantly decreases the tumor growth [15,16].

The pentose phosphate pathway has an important role in the
regulation of glycolysis and proliferation during different stress
conditions and participates in control of apoptotic cell death.
Phosphoribosyl pyrophosphate synthetase plays a central role in
tumor growth because it catalyzes the phosphoribosylation of ribose-
5-phosphate to 5-phosphoribozyl-1-pyrophosphate which is necessary
for purine metabolism and nucleotide biosynthesis [4].

The aim of this study was the investigation of the expression of
different phosphoribosyl pyrophosphate synthetase genes in U87
glioma cells with ERN1 deficiency and decreased proliferative activity
to find some molecular mechanisms between suppression of ERN1
function, glioma growth from these cells and the activity of pentose
phosphate pathway.

Materials and Methods

The glioma cell line U87 was obtained from ATCC (USA) and
grown in high glucose (4.5 g/I) Dulbecco’s modified Eagle’s minimum
essential medium (DMEM; Gibco, Invitrogen, USA) supplemented
with glutamine (2 mM), 10% fetal bovine serum (Equitech-Bio, Inc.,
USA), penicillin (100 units/ml; Gibco) and streptomycin (0.1 mg/
ml; Gibco) at 37°C in a 5% CO, incubator. In this work we used two
sublines of this glioma cell line. One subline was obtained by selection
of stable transfected clones with overexpression of pcDNA 3.1 vector,
which was used for creation of dominant-negative ERN1 constructs
(dnERN1). This untreated subline of glioma cells (control glioma
cells) was used as control 1 in the study of glucose and glutamine
deprivations on the expression level of PRPS1, PRPS2, PRPSAPI, and
PRPSAP2 genes. Second subline was obtained by selection of stable
transfected clones with overexpression of dnERN1 and has suppressed
both protein kinase and endoribonuclease activities of this bifunctional
sensing and signaling enzyme of endoplasmic reticulum stress. These
cells were obtained from Prof. M. Moenner (France) [15,16].

The expression level of studied genes in these cells was compared
with cells, transfected by vector (control 1), but subline which
overexpress dnERN1 was also used as control 2 for investigation
the effect of glucose and glutamine deprivation conditions on the
expression level of these genes under blockade ERNI function. For
creation of these deprivation conditions we changed the growing
medium in culture plates with DMEM without glucose or glutamine
and exposed to these conditions for 16 hrs.

The enzymatic activity of ERNI in glioma cells that overexpress

dnERN1 construct was previously analyzed by detection of XBP1
alternative splice variant (XBP1s), a key transcription factor in ERN1
signaling, and the level of ERN1 phosphorylated isoform in cells treated
by tunicamycin (0.01 mg/ml for 2 hours) [17].

Total RNA was extracted from glioma cells using Trizol reagent
according to manufacturer protocol (Invitrogen, USA). Cells were
extracted with 2 ml of Trizol reagent and 0.4 ml of chloroform was
added to cell lysate, mix and spin down. RNA was precipitated with an
equal volume of 2-propanol. RNA pellets were washed with 75% ethanol
and dissolved in nuclease-free water. For additional purification the
RNA samples were re-precipitated with ethanol and dissolved again in
nuclease-free water.

Quani Tect Reverse Transcription Kit (QIAGEN, Germany) was
used for cDNA synthesis according to manufacturer protocol. For this
aim 1 pg of RNA was incubated for 2 min at 42°C with gDNA Wipeout
buffer, and then placed immediately on ice. Add reverse-transcription
master mix, containing Quantiscript Reverse Transcriptase,
Quantiscript RT Buffer and RT Primer Mix, incubated for 15 min at
42°C for synthesis of cDNA, and then incubated for 3 min at 95°C to
inactivate transcriptase.

The expression level of PRPS1, PRPS2, PRPSAPI1, and
PRPSAP2mRNA were measured in glioma cell line U87 and its subline
(clone 1C5) by real-time quantitative polymerase chain reaction
using “Mx 3000PQPCR” (Stratagene,USA) and Absolute qPCR
SYBRGreenMix (Thermo Fisher Scientific, ABgene House, UK). For
qPCR analysis initial step was incubationfor 10 min at 95°C, and then
40 cycles included incubation for 0.5 min at 95°C, for 0.5 min at 55°C
and for 0.5 min at 72°C. At the end of qPCR was final step for detection
of dissociation curve. Polymerase chain reaction was performed in
triplicate.

For  amplification  of  phosphoribosyl  pyrophosphate
synthetase 1 (PRPS1) c¢cDNA we used next primers: forward
(5-AAGAACGGAAGAAGGCCAAT-3’ and reverse
(5-GACCGGAGAAGATTCCATGA-3) primers. The nucleotide
sequences of these primers correspond to sequences 786-805 and 971-
952 of human PRPS1 cDNA (GenBank accession number NM_002764).
The size of amplified fragment is 186 bp.

Two other primers were used for real time RCR analysis of
phosphoribosyl pyrophosphate synthetase 2 (PRPS2) cDNA:
forward (5-AAACATTGCCGAGTGGAAG-3 and reverse
(5-TGACGACAACAGCCTCAAAG-3’) primers. The nucleotide
sequences of these primers correspond to sequences 613-632 and 957-
948 of human PRPS2 cDNA (GenBank accession number NM_002765).
The size of amplified fragment is 345 bp.

For amplification of phosphoribosyl pyrophosphate synthetase-
associated protein 1 (PRPSAP1) ¢cDNA we used next primers:
forward  5-GTCCTATGCGGAGAGACTGC-3> and  reverse
5-  TAGGCGCCTCTCTCTTTCAG-3’. These oligonucleotides
correspond to sequences 1088-1107 and 1366-1347 of human
PRPSAPI1 cDNA (GenBank accession number NM_002766). The size
of amplified fragment is 279 bp.

For amplification of phosphoribosyl pyrophosphate synthetase-
associated protein 2 (PRPSAP2) ¢cDNA we used next primers:
forward  5-CACCCATGGTCAGAAGTGTG-3> and  reverse
5- TTAATCTTGGGGCACTGGAG -3’. These oligonucleotides
correspond to sequences 698-717 and 980-961 of human PRPSAP2
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c¢DNA (GenBank accession number NM_002767). The size of amplified
fragment is 328 bp.

The amplification of beta-actin (ACTB) ¢cDNA was performed
using forward-5- GGACTTCGAGCAAGAGATGG-3" and reverse-
5-AGCACTGTGTTGGCGTACAG-3’ primers. These primers
nucleotide sequences correspond to 747-766 and 980-961 of human
ACTB ¢DNA (GenBank accession number NM_001101). The size of
amplified fragment is 234 bp. The expression of beta-actin mRNA was
used as control of analyzed RNA quantity. The primers were received
from “Sigma” (USA).

An analysis of quantitative PCR was performed using special
computer program “Differential expression calculator” and statistical
analysis-in Excel program. The values of PRPS1, PRPS2, PRPSAPI,
and PRPSAP2ZmRNA expressions were normalized to the expression
of beta-actin mRNA and represent as percent of control (100%). All
values are expressed as mean + SEM from triplicate measurements
performed in 4 independent experiments. The statistical significance of
differences was calculated by Students t-test. p<0.05 was considered to
be a significant difference.

Results

As shown in Figure 1, the expression level of phosphoribosyl
pyrophosphate synthase genes PRPS1, PRPS2, and PRPSAPI
significantly increasedin glioma U87 cells with knockdown of ERNI,
a major sensor and signaling enzyme of endoplasmic reticulum stress,
being more significant for PRPS1 gene. At the same time, the expression
of PRPSAP?2 gene is decreased in these glioma cells.

It was also shown that exposure of U87 glioma cells under glucose
or glutamine deprivation conditions led to suppression of PRPS1 gene
expression both in control glioma cells and cells with ERN1 knockdown,
but more strong effect of glutamine deprivation condition was observed
in glioma cells without ERN1 function (Figure 2). As shown in Figure
3, the similar changes were observed in the expression level of PRPS2
gene in control glioma cells as well as in cells with suppressed function
of ERNI. For this gene was also shown more strong effect of glutamine
deprivation condition in glioma cells with ERN1 knockdown.

At the same time, the expression of PRPSAPI gene was resistant
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Figure 1: The expression of PRPS1, PRPS2, PRPSAP1, and PRPSAP2
mRNA in glioma cell line U87, transfected with vector, and its subline with
a deficiency of the signaling enzyme ERN1 (dnERN1) measured by gPCR.
Values of PRPS1, PRPS2, PRPSAP1, and PRPSAP2mRNA expressions
were normalized to beta-actin mRNA expression and represent as percent of
control (100 %); n = 4; * — P < 0.05 as compared to control 1; ** — P < 0.05 as
compared to control 2.

to glucose and glutamine deprivation conditions in control glioma
cells but suppression of ERN1 signaling enzyme function is modified
the sensitivity of this gene expression to both glucose and glutamine
deprivation conditions (Figure 4). Thus, the expression of PRPSAP1
gene in glioma cells with ERNI1 loss of function is increased in glucose
deprivation condition and decreased in glutamine deprivation
condition. It was also shown that PRPSAP2 gene expression in control
glioma cells was suppressed in glutamine deprivation condition but
resistant to glucose deprivation condition (Figure 5). However, in
glioma cells withERN1 knockdown the expression of PRPSAP2 was
increased both in glucose and glutamine deprivation conditions.

Discussion

We have studied the expression of four different genes of one
enzyme, phosphoribosyl pyrophosphate synthase, encoding two
catalytic and two regulatory subunits of associated proteins, in U87
glioma cells with ERN1 deficiency and decreased proliferative activity
300
250
200
150

100

Relative gene expression, %

50

Glutamine | Glucose
depriv. depriv.

dnERN1

Glucose | Control 2

depriv.

Control1  Glutamine
depriv.

Vector
PRPS1
Figure 2: The expression of phosphoribosyl pyrophosphate synthetase 1
(PRPS1) mRNAin glioma cell line U87 (Vector) and its subline with a deficiency
of the signaling enzyme ERN1 (dnERN1):effect of glucose or glutamine
deprivations. Values of PRPS1 mRNA expressions were normalized to beta-

actin mRNA expression and represent as percent of control (100 %); n = 4;
* — P < 0.05 as compared to control 1; ** — P < 0.05 as compared to control 2.
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Figure 3: Effect of glucose or glutamine deprivations on the expression of
phosphoribosyl pyrophosphate synthetase 2 (PRPS2) mRNA in glioma cell
line U87 (Vector) and its subline with a deficiency of the signaling enzyme
ERN1 (dnERN1) measured by qPCR. Values of PRPS2 mRNA expressions
were normalized to beta-actin mRNA expression and represent as percent of
control (100 %); n = 4; * — P < 0.05 as compared to control 1; ** — P < 0.05 as
compared to control 2.
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Figure 4: The expression of phosphoribosyl pyrophosphate synthetase
associated protein 1 (PRPSAP1) mRNA in glioma cell line U87 (Vector) and
its subline with a deficiency of the signaling enzyme ERN1 (dnERN1): effect
of glucose or glutamine deprivations. Values of PRPSAP1 mRNA expressions
were normalized to beta-actin mMRNA expression and represent as percent of
control (100 %); n = 4; * — P < 0.05 as compared to control 1; ** — P < 0.05 as
compared to control 2.
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Figure 5: Effect of glucose or glutamine deprivations on the expression of
phosphoribosyl pyrophosphate synthetase associated protein 2 (PRPSAP2)
mRNA in glioma cell line U87 (Vector) and its subline with a deficiency of the
signaling enzyme ERN1 (dnERN1). Values of PRPSAP2 mRNA expressions
were normalized to beta-actin mRNA expression and represent as percent of
control (100 %); n = 4; * — P < 0.05 as compared to control 1; ** — P < 0.05 as
compared to control 2.

with the goal to identify some molecular mechanisms between
suppression of ERN1 function, glioma growth from these cells and the
activity of pentose phosphate pathway. However, little is known about
the molecular mechanisms of the regulation of different PRPS genes, in
particular, its participation in ERN1 signalling pathway of endoplasmic
reticulum stress [5,18]. Results of this investigation demonstrate that
expression of different subunits of phosphoribosyl pyrophosphate
synthase in glioma cells significantly depends from endoplasmic
reticulum stress, in particular, its ERN1signalling system and thatthe
blockade of ERN1 enzyme leads to dysregulation of the expression of
different subunits of PRPS. Thus, in glioma cells with ERN1 knockdown
we have shown an induction of PRPS1, PRPS2, and PRPSAP1 gene
expressions and suppression of PRPSAP2 gene, but more significant
changes was founded for PRPS1 gene. It is interested to note that
these changes in the expression of PRPS1 and PRPS2 genes in ERN1
knockdown glioma cells are correlated with down regulation of these

gene expressions in control glioma cells under glutamine and glucose
deprivation conditions which induce the endoplasmic reticulum stress.

Thus, the blockade of ERNI gene function in glioma cells
leads to dysregulation of the expression of different subunits of
phosphoribosyl pyrophosphate synthase and possibly decreases the
level of 5-phosphoribosyl-1-pyrophosphate, which is necessary for
purine metabolism and nucleotide biosynthesis, and participates
in strong decrease of glioma growth through suppression of nucleic
acid synthesis and the level of GTP, ATP and NAD [19]. Moreover,
direct role of nucleotide metabolism was shown in C-MYC-dependent
proliferation of melanoma cells via interactions with PRPS2 and other
genes [20]. Thus, all genes encoding phosphoribosyl pyrophosphate
synthetase are responsible from endoplasmic reticulum stress, in
particular its ERN1 signalling pathway. However, this response is
different for different subunits of PRPS enzyme.

Moreover, it is known that the endoplasmic reticulum stress
response ERN1 signalling pathway is linked to the apoptosis as well as
proliferation processes because malignant tumors use the endoplasmic
reticulum stress and ischemia for activation of proliferation processes
and suppression of ERN1 gene function significantly decreases the
glioma growth [3,15,16]. Thus, our findings concerning dysregulation
of different PRPS gene expressions after blockade of ERNI1 signalling
enzyme function in glioma cells possibly have relation to suppression
of glioma growth from these cells.

Moreover, we have shown that the glucose deprivation condition
also affects the expression of PRPS1 and PRPS2 genes in control as well
as ERN1 knockdown U87 glioma cells and that this effect of glucose
deprivation on the expression of both PRPS1 and PRPS2 gene was
similar. At the same time, the expression of PRPS associated protein
genes (PRPSAP1 and PRPSAP2) is resistant to glucose deprivation
condition in control glioma cells but is increased in glioma cells with
ERN1 loss of function. Thus, the glutamine deprivation condition
affects the expression of different phosphoribosyl pyrophosphate
synthase genes except PRPSAP1 in control glioma cells; however, ERN1
knockdown significantly modifies the effect of glutamine deprivation
on the expression of these phosphoribosyl pyrophosphate synthase
genes. At the same time, the exposure cells to glutamine deprivation
condition leads to suppression of PRPSAP1 gene expression only in
U87 glioma cells without ERN1 enzyme function.

Moreover, the blockade of ERNI gene function leads to up-
regulation of PRPSAP2 gene expression in U87 glioma cells under
glutamine deprivation condition. This data conforms to down-
regulation of this gene expression in glioma cells without ERN1
enzyme function. Thus, the effect of glutamine deprivation condition
on the expression of different phosphoribosyl pyrophosphate synthase
genes in U87 glioma cells depends from ERN1 function. These results
are consistent with data of other investigation where was shown the
dependence of different gene expressions under nutrient deprivation
condition as well as hypoxia from ERNI1 signaling enzyme function
[17,19-22]. There are different effects of ERN1 blockade on hypoxic or
nutrient deprivation regulations of gene expression, enhance, reduce
or eliminate these regulations.

Results of this investigation clearly demonstrated that the
blockade of ERNI signaling enzyme function affects the expression
ofgenes encoding PRPS enzyme subunits in different ways and
that dysregulation of the important regulatory subunits of PRPS
(PRPSAP1 and PRPSAP2) possibly participates in suppression of
glioma growth also via pentose phosphate pathway. It is possible that
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these important regulatory subunits of PRPS enzyme could be used as
targets for developing of new approaches for suppression of glioma
growth. However, the detailed molecular mechanisms for PRPS gene
expressions under endoplasmic reticulum stress condition are complex
and the biological significance remains to be determined.
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